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Use of a cDNA microarray to 
analyse gene expression 
patterns in human cancer 

Joseph DcRisi'*, Lolita Penland- & 
Patrick O. Brown- (Group I ); 
Michael L Bittner*% Paul S. Meltzcr\ 
Michael Rax-^, Yidong Chen\ Van A. Su^ & 
Jeffrey M. Trent-^ (Group 2) 

The development and progression of cancer''-^ and 
the experimental reversal of tumorigenicit/-^ are 
accompanied by complex changes in patterns of 
gene expression. Microan-ays of cDNA provide a 
powerful too! for studying these complex phenom- 
ena^®. The tumorigenic properties of a human 
melanoma cell line, UACC-903. can be suppressed 
by introduction of a normal human chromosome 6. 
resulting in a reduction of growth rate, restoration 
of contact inhibition, and suppression of both soft 
agar clonogenicity and tumorigenicity in nude 
mice"**^ ®. We used a high density microarray of 
1,161 DNA elements to search for differences in 
gene expression associated with tumour suppres- 
sion in this system. Fluorescent probes for 
hybridization were derived from two sources of cel- 
lular mRNA [UACC-903 and UACC-903(+5)] which 
were labelled with different fluors to provide a direct 
and internally controlled comparison of the mRNA 
levels corresponding to each arrayed gene. The flu- 
orescence signals representing hybridization to 
each aoayed gene were analysed to determine the 
relative abundance in the two samples of mRNAs 
corresponding to each gene. Previously unrecog- 
nized alterations in the expression of specific genes 
provide leads for further investigation of the genet- 
ic basis of the tumorigenic phenotype of these cells. 

DNA micr<uirray.s, comainint: 1. 161 lotal clcment.s. 
including; KTOiiilVcrcnt cPNAsaiul controls*'-" (sec 
Methods), were printed robiiiically onH) j i;l;»ss micro- 
scope slide in lour quadrants coverini; an are;i of about 
I cm- (Fij;. I ). We prepared flutKesceni cDNA probes 
using total ^>*>ly ( A)* inKNA from UACC-y()3 cells and 
UACC-903(+6) celk by labellinj; with a green and red 
fluor, respectively. A mixture of the two flourescentiy 
labelled probes was hybridized lo the DNA microarray. 
This comparative hybridiruition method, coupled with 
the doping of synthetic standards and an estimation of 
statistically significant deviation for local background 
variance allowed a direct and quantitative comparison 
of the relative abundance of individual DNA .^icqucnces 
in this complex s;lmple'^^ We added a set of synthetic 
poly (A)*-iailed ^mRNAs' to the purified mRNA from 
each cell line as internal standards to assist in quantita- 
tion and estimation of experimental variation intro- 
duced during labelling and reading. Targets 
complementary to these standards were included, in 
duplicate, on the microarray. Based on these standards. 
niKNA species comprising 1:10,000 of the mass of the 
poly (A)* UNA could readily be detected. 

In a representative two-colour lluorescent scan of ail 
I . ' ' ■•■ . r r: . .> .1. . . . , . . 



spond to genes preferentiallv expressed in the lumon. 
pcnic UACC-903 cell line, and the reddish spots corre- 
spond to genes preferentiallv expressed in the 
non-tumorigenic UACC-903(-k6) cell line. Genes 
expressed at approximately equal levels in the two ceil 
lines appear yellow or brown. A portion of the array at 
higher magnification highlights the diverse pattern of 
differential expression observed (Fig. 2h). In Fig. 2c rec- 
tangles corresponding to specific array elernents are 
coloured to reproduce the hue and intensity of the fluo- 
rescent signal at each element. The hybridization signals 
from a duplicated set of genes arc shown iuxtaposed. lo 
iliustraie the reproducibility of the hvbridization signals 
for each gene. 

To address the possibility that an apparent difference 
in expression might result from experimental variables 
unrelated to the difference in chromosomal composi- 
tion between the two eel! lines, we examined the vari- 
ance in expression for 90 'housekeeping' genes. We 
selected these genes based on the assumption that ihev 
would not be differentially expressed between the two 
cell lines. The averaged red/green ratio for this subset of 
genes was 1. 1 3. The averaged red/green ratio for the set 
oi five internal standards was 0.97 (/; = 10). The vari- 
ability in the expression level of the housekeeping genes 
probably overestimates the experimental variability in 
measuring differential expression. As a conservative stan- 
dard, an absolute fluorescent signal ( red ot green) with 
an intensity greater than that observed at the control 
army elements containing total human genomic DNA 
was con.sidered to represent specific hybridization. Gene- 
specific hybridization was thereU)re only ci>nsidered sig- 
nificanily differeni Iviwcen s^imples if the following two 
criteria were met: i) the signal intensity (grtvn or red) 
exceeded this threshold; and ii) the iogaVithm of the 
red/green lluorescence signal ratio differed by >3 S.D. 
Irom the mean logarithm of this ratio for the 'house- 
keeping gene pane! (tlut is. ratios <0.52 or >2.4). 

I^y these criteria. mRNA levels for 15/870 (1.7%) genes 
were significantly diminished, while the mRNA levels 
lor 63AS70 (7.3'>n) genes were significantly increased in 
association with suppression of tumorigenicity by intro- 
duciion of chromosome 6. To test the reliability of 
microarray hybridization results in identifying differen- 
tially expressed genes, we analysed Id genes by north- 
ern analysis. In each case, the results of northern nnalysis 
corroborated the diftereniial gene expression identified 
by microarray hybridization (Fig. 3). 

Significant differences in expression between these 
two cell lines identified several genes as candidates for 
determining features ol the tumorigenic phenotype of 
the melanoma cells. For example, among the genes 
delected with significantly higher expression (>10-fold) 
in the tumorigenic cells was the human brown locus pro- 
tein (TRIM /melanoma antigen gp75). This is the most 
abundant glycoprotein in mclanocytic cells and a critical 
melano.some membrane protein '- ' V Additionally, its 
expression is reduced when melanoma cell lines arc 
induced to differentiate by treatment with HMBA'^*'\ 
Also expressed at a .significantly higher level was a spliced 
variant of ihemKNA encoding mveiin IM.IVI).\120. This 
is widely expressed in neural crest derived cells in early 
development and has been suggested lo play a role in 
cell-cell signaling during development*"*, 

-• ^T*-- ■■• .1 — ...iwwMev- 
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ARRAY QUADRANT MAP (4X=1161) 



• • • 



• (54) Hybridization Specificity Controls 
(183) Melanoma Subtracted cDNA 

• (687) Unigene / EST cDNAs 



Rg. 1 Properties ot cDNA mooanays. J. A ftuorescent scan of DMA pnmed onto a poiy-»ysine coated sUdc. The DMA is siamed wiin a ONA-soecrfic fluorescent 
dye. YOYO. The cemef-to-ccnter soacmg of adjacent spots is 450 m. aUowmg the potential lor up to 10.000 spoti/2.54 X 7.62 cm microscope slide, b. Eff»- 
cient blocking of hypridiration to DNA repeats. Hybridization of fluorescem-iabelied poly (dT)* to arrays m the absence ol competitor produces strong 
hybridization to immobilized poly (dA)' as well as to some cDNAs. such as the EST T64827 shown. Rhooamme-labeiied cDNA (red) from the UACC-903 ceO 
iiT>e hybridized m the presence ol poty (dA)* blocker shows Wtle if arty signal at erther sne (Total H = total human). Stmiiarty, hypndtzation with liuofescein-tabeiied 
Got! DNA in the at>ser>ce of competitor produces bright signal on immobilized Coti DNA. total human DNA and at some cDNA elements ( presumed to con- 
tain highly repeated sequences, such as R23416): while Rhooamir>e-labei»ed cONA (red) from the UACC-903 cell line proouces little it any signal at these 
locations when hybridized m the presence of excess untabelied poly (dA)\ and human Coll DNA. The absence of signal at some cDNA locations following 
UACC-903 cDNA hybridizations also indicates that tr>e PCR-amplifted. plasmid vector sequences at an cDNA targets oo not contribute stgmhcant hybridiza- 
tion signal, c. Schematic of the array organisation. Robotic printing from 96 well microtner trays was earned out with 4 prmt heads, spacea to fit into 4 adja- 
cent microliter wells. This maps the contents of each tray into four separate quadrants on the glass stioe. A coiour-cooed map of the general distribution of 
target types m each of the resulting quadrants is shown. 



cl.s were clcviiicd by ihc ;iiidili(in ol ;t ni>rm;il chromo- 
.s<»inc 6(17 jicncsl ;irc known U) In* activated by IFN-y. j 
cardinal proinflammatory cytokine thai, among other 
aciivities, induces expres.sion ofthc i;ene prodnci.s ol the 
MHC class II locus. For example* the iiiKNA encodint; 
monocyte chemotaciic protein I (MCAF/MCPI 1. a 
cytokine that induces monocyte chemotaxi.<i and activa- 
tion*''*'*, was more than 10- fold less abundant in the 
iumorii;enic cell line. In the .skin, MFCl is critical in the 
rejiuiaiion of cutaneous monocyte trafficking; and 
elevated e.\prcssion plays a role in suppression of tumour 
growth and metastasis'***-'. The mechanism by which 
these inicrt'cron-y regulated genes are induced in UACC- 
903 ceils by transfer of a normal chromosome 6 remains 
10 be determined. It is worth noting, however, that the 
interferon-Y receptor gene is localized to the distal long 
arm of human chromosome 6. 

Finally, several genes that showed > 10-f'old higher 
expression in the suppres.sed UACC-903( +6) cells have 
previously been recognized in other models of tumour 
suppression. Most notably* there was elevated expres- 
sion of the mRNA enciKiing WAFl (p2 1 ), a key media- 
tor of tumour suppression by p53 (ref. 18). The p2l 
protein had previously been identified as a melanoma 
differentiation-associated antigen (termed mda-6)'^-°. 
In melanoma cell lines suppressed for metastasis by the 
introduction of chromosome 6, expression of WAFl 
(p2l ) mRNA and protein correlates inversely with 
metastatic potential-**. 



The.se results provide a wide view of the diverse sys- 
tems that arc altered in this model sysienn of tumori- 
gen icily. ;ind locus ni ten lion on specific gene products 
and pathways that may be of particular importance in 
this tiniiour type. 

Our ability to classify human cancers in a way that 
reflects the underlying molecular pathology or that 
aniicip.ucs their potential for progression or response 
to treat nicni, remains primitive. Using cDNA microar- 
rays to define alterations in gene e.xpression associated 
with a specific cancer may be an efficient way to uncov- 
er clues to the specific molecular derangements that con- 
tribute to its pathogenesis and thus ideniif)' potential 
targets for therapeutic intervention. Moreover, recogni- 
tion of pathognomonic alterations in gene expression 
might provide a basis for improved diagnosis and itjoI- 
ecular classification of cancers and thus allow seleaion of 
the most appropriate therapeutic strategies. 

Public databases of human expressed gene sequences 
contain partial sequences of at least 40,000 different 
human genes", and efforts to develop a human tran- 
script map have developed rapidly-'. Based on the high 
yield of information obtained using an array of < 1.000 
different genes, a more comprehensive survey of gene 
expression patterns, using a more complete array of 
human genes, will likely provide a rich source of new 
and useful insights into human biology and a deeper 
understanding of the gene pathways involved in the 
pathogenesis of cancer and other diseases. 
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Fig. 2 pNA microarray anatysis ol changes m gene expression between the tumorigenic cell line UACC-^oTTna^^n^ 

derived by tntroduction of a normal chromosome 6. a. A ratio imaae of the resutts of ^7m Vt!'r^^ ^ / non-iumongenic oenvaiive. UACC903(*e). 
from UACC-903 and Cy3.U»be.^ cDNA lorange-red) U^CC |!^^^ Rhoaam,nel lOabelied cDNA (green) 

orescent prooe were como.nea as the aDpropr.ate colour channels .n a lngZ Tr^g!''Al^^ corresponoihg to each flu- 

genes analysed Dy nonhem blottffig (F.g. 3). t>. A magn.fwKS image of the area of the arraVho.t^ .n 1^^^ " ^''^^ °* corresponding 

f.ed by arrows m ,a). representing the cDNAs for: left. McTfS-Tf r^^" > rcentrr/ra^^^irT^^ Tn!; ^^-""^ ^'"^^^ °' ^^^^^ 
0.2) (see F.g. 3]. d, srmDl.f«d representation of ratio hybr«luatKy> resut s O^ntaa .^^^ V^^*^ ^'S^^*' "* ' -anfchymofrypsin (r/g r.Uo 

age target colour ratio determines the hue of each box and inrav^ao^ni^s v^d^^^^ T ^ ^ " ^^'"^^'^ ^^^^ «^ay target. The ever- 

corresponos to their original oroer in the microtner p,ate frJm^^^^^^^^^ 

as in the first two rows shown here, to assess reproducbihty of the hvOndizatiori r^uTtticol 1^^^^ ^ examined side by side. 

respona.hg to genes analysed by nonhern blott^g ,n F.g. 3 ^^^"'^^ '^^'^ Numperea arrows .nd.cate the location w,th,n the array cor.^ 



Methods 

Generation of microarrays. hyl>ridi7;uion. scumiinj;. Hk 
prqur.iiion niicrosvopi' nIuKx .iiui Mi!»ov|iKnl n.hoi- 

k |»rintin;^.i| DNA u-jscirruil oul in .i in.iniKf Miiul.ir i.i ilui 
tlesvTilvit . Ilriellv. (m-.-kMiu-i! jiLisv vlitlo wcr,- trt.Ual uiili 
polv-I .tvMiK- Mtiiiiioii (Sicnui to lorni ;ii) .utiioivc mii Uv lor 
prinimj;. PCli protluct.v piiiilWil In eilunnl |Minlu.Ui..n. unv 
rc>u>|viutal in .V\ SSC. A cumihii huili arravinv: ruh..i pi.kat 
up ;nul ilcpoMieii sm.iil volumeN (-.^ n,iniiliUT>; nl ONA onto 
the slule>. Alter priniini:. the sliiiex wen- vv;uiu*il in ,i i).2%, SI )S 
Miliihnn. -l iu* renuiininj: lnuiiut DNA was licn.utiieJ in miIv- 
nierj:ini: the sliiie> in r? ili>iillal u-.Mer Im : min toll.mvtl In 
InierujNh with y.VinctlunoI. DNA w.,v VV .lovslinked lo tin- 
NliiieN fStratJuene Sir.ii.ilinker. Mi ml). In preveni non-vp^orK 
proi)f hiiulinj:, the sliile> were hl.»ekei1 In rioMn.^ m .i >nli,i,on 
t)l 70 niN) MKCiiii.- anhvilriile ili>snlveil in 0.1 MVnru .u iii pH 
K.n. otni.i.nini: 35% I .nieihvlO.pvrroliJ.nniu- (AUIrich). 
Ailiiitinn.ll pntitio»l> ami p.iri> iiM periaininv; l*. inur.urr.n 
tabricaiion can he ohiaineil iVoin htip://cint;'m.Manforil.eilu/ 
phnmii. 

Hurihcd. lahelied cDNA re.su.speiKieil in 1 1 ^1 ol .\.5x .S.SC 
c.muin.ni: -I nj; t.l |>t)|y klAj ' DNA. :.5 mj; h ioh lUNA. *l ^ij; nl 
hninan Coi I I )NA u iiheo IlKI.). ami lU (il ol lir-.. SI )>. iVioV lo 
l>vhriili/.iiion, i\k viiuiion u.is Iioilcil loi : min ilu-n allnvuxl to 
i.M.I lo loom lemperjiiire. I Ivhi iiii/.uion ua. warr.eJ out at 
f>: 't: lor *N h in a ^vaiei l>alh. I'rio, m wanninu. >liile> vveie 
u.^hal in > SM :. O.:-,. SI )S lor min anj SS( ; |.,r I min. 

lov.il LiNcr rnurns,„,H. imili In S. Simih will, >o(rw.iiv tviuien 



In N. /k. a >ep.ii.uc scan, usm- ihc a[>propriaie eu-iiaiim; line, 
was ilu.u- Un uuh ol the luo lluorophore.s uwil. Data was col- 
liviui ji .1 m.iMnuim iVM.Iuthm ol y muronv/pixd with 12 bits 
ol lifplil 

Prnhe prepar.ilion and lahelling. I^NA was evliavted Imm cells 
nsm.j du- Ina/ol r.-a^mi I I 'M hu'.). followmi: du' manufjciur- 
ir s iinv.lM.ns. .1 )NA piolvv uerc NvmhcM/ed from sinjriy oligo 
dl-selccieil (Piiarmaciat mKNA pook HuureMJenlle laMlcd 
il )NA was prepareil Irom miCNA In olivjo d l -primed '|Xilvmcr- 
i/aiion USUI- Sn|vrS,iipt || u-verse ttanNvriptase (l.TI Inc.). 
Tlu- pool ol nuJeotules m the Kihelimj; re.wiion wj.s 0.5 mM 
dCTP. ^iATI' and dtiTP and ().:. niM dTTI'. Fluorwcem 
miJcithdeN. Uh.HlamiiK* I In dUTP (IVikin Timer CciusI or 
C:v3 dL"riMAnur.sh;im). wax present at ti l mM. l»rol>c> %vcre 
piirir.al ln'i:,-l chromaio-jraphv fliioSpin 6/nmRjd) and 
ethanol pivcipilalion. 

Selection of cDNA elements and pencration of control tem- 
plates. SvniheiK cDNAs were prepared hy climing random 
liiUtiHl and H/»dlll ended Iracmenis ol F,. mh DNA in the vec- 
tor pSI'M poly (A)* (PnimejiaJ. Iineari/mi; iMdjted plasmid 
DNA will) hAon\ and >vnthcsi/inj; p.,ly (A)* tailed UNA com- 
plenuntary lo iIk- mvri iiom ilie ivsiik-ni Sl'd promoter 
(i'lonu^i). IVioi louse.lhc s^nthe^i/ed UNAs %vere M-lecied on 
tilijio d r lellulosi-. r\w lar^esi -loup ol el )NAs conM.sied of 674 
.l>\A .loius hoin tlu- ink; ariaxcd n.»rm.di/ed iid'ani brain 
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lthr.irv nKinlvi llul .oi icspond. J lo a named jicne according 
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Fig. 3 Nonnem n/Drioaation suDsianiai- 
tng the consistency of tne cONA rmcroar- 
ray results. CorresoonOmg locsuons withtfi 
the cOUk microarray illustrated m Fig. 2j 
are provioed tor 1 ) Wat- Up21: Z) KAAPCKS: 
3) cottagemse: 4) MCAF/MCP-l: 5) n-u 
Bnttchymotrypsin: and 6) ^ -actm. The sig- 
nal detected by a radio-iaoeUed ^acfm 
probe represents a control tor toadtng van- 
ance. with a red/green ratio observed on 
the cONA microarray (Fig. 2a.c) tor fi-acttn 
ot V04. 
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to the UniGcnc EST clustering sys- 
tem*'--. The Ncciind largest gnuip nf 
ilcincs ciinsiMctl ol* \H} Mrqucnccil cDNA 
clones gciKTJii'tl liy Mihiraciitin cif cDNA 
(roni the chrnmnMiine-h siipprcvseJ 
niin-iiimcirigeniL L'ACC-y03 (-►M veil 
line with cDNA from its parental tiiniciri- 
genie till line UACX:-yo.^ (rel. V). 
Approximately 10(1 aiMiiionat genes 
I total K7(l genes arrayeil) ivere olMaimtt 
iVoni KST libraries an the liasis ol* their 
n-l 'Antichymotrypsin expri-sxinn |viiiern ( tissue speeilic, aiul so 
on), huh array ineUuleJ the I ol lowing 
hyhritli/aiiim v on I rots; pbsmiit vivtor. 
lamhiia, OX 1 7-1 phage, total human I )NA. 
human lUitl UNA, anil |>oly (AJ*. The 
synthetic staiuianls iisihI Tor normali/.i- 
lion ot signals in each warelenglh wvre 
als4i arrayeil. I Controls were incluileJ in 
each i]uailrani o! the array lo av*ess the reproilucihililv ol the 
hyhritli/alion signal. Two plali*s *»l cHNA ctoni*s dleriveil Iroin 
the UAC;(;-^>tl3 suhiracieil lihrary) were als4» arrayeil in iliipli- 
cate. riileliiv of the Unigene array relative to ilhK.ST was lesieil 
by .sc*i)uencing ol' a raiulom s.imple of 1 1 clono usv*il Inr 
microarray construction. All .si*i]ueiKes were iileniical with the 
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corro|>"uling ilh|_sT em no. Atliliiionalh. ea^n mKt.,j,,.,v,.^i 
cDNA Irom ihe UACC.Vtl.X suhtracieil lihrari wj* xii.ien.eJ. \ 
li.sling i»l cl>NAs conipriMng this micriurray nhuh i^^^- 
liaivcil Irom ihc Unigmc ami hou.NeUvping' panel van iv 
ohtained from hiip://ww.nih.giiv/PIK/LCC/AKKAVe\pn - 
html. 

Nonhcrn blol analysis. Toial RNA, 10 pg pi-r lane, uji elec- 
irophoreM-J in I.J% aganise-lormaldehvile gcLs anil iranslerreJ 
onto nylim memhrane (Hv-bfUul-N.". Amcrshanil by capillary 
blotting overnight. For DNA prolvs insert fragments imm the 
Soarc* INIK cDNA library'" were ohtaineil by vector PCK for 
p2l, MAliC^kS. (f-l-amichymoirypsin an J p. act in. Piobes l»»r 
rilmiblasi coll.igenase and MCAF/NUiH-l were iMtlaied truiu a 
UACC-VO.M+M enriched cDNA lihrarv" with all probis 
labelled by random priming, l-iliers wire washed lo a Miin- 
geno* ol O.lx .SSC at A2 \' inr 20 min. 

Web sites. htip:/;cmgm.stanrord.edu/pbrown for pr.iUKols and 
pans list pertaining to microarray fabrication. 
http://www.nchgr.nih.gOv/l )1U/I.(:i;/AKKAY/Vxpn.himl lor a 
listing of cDNAn comprising this microarray which weie 
derived from the Unigene and honsikivping panel. 
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